A novel thin film composite (TFC) polyamide reverse osmosis membrane was prepared via the interfacial polymerization of m-phenylene diamine (MPD) in aqueous phase and 1,3,5-trimesoyl chloride (TMC) in organic phase on a polysulfone ultrafiltration support by assisting with ethyl formate as a co-solvent added in the organic phase. The ethyl formate added in the organic phase is intended to form a narrow miscibility zone, which leads to the thicker reaction zone. The multilayered loose polyamide structure with larger pore size was formed due to the thicker reaction zone and lower content of MPD. The enhanced hydrophilicity of the membrane was proved by the decreased water contact angle. Water flux was measured at 1.6 MPa with 2,000 ppm NaCl aqueous solution. Compared to the TFC membrane prepared without ethyl formate, the water flux across the TFC membrane with ethyl formate in the organic phase increased with the increased ethyl formate content (from 23 to 45 L/(m 2 h)) and the salt rejection remained at a high level (>90%). The ethyl formate can be used as a co-solvent to effectively enhance the performance of the TFC membrane.
INTRODUCTION
With the development of the economy, the demand of water resources in agriculture, industry, energy production and domestic consumption have increased dramatically (Shannon et al. ; Loo et al. ) . Moreover, the unreasonable usage of water makes more than 40% of people suffer from water shortage. It is projected that by the year 2030, the global need for water will increase to 6,900 billion m 3 from the current 4,500 billion m 3 (Misdan et al. ) . Owing to the enormous resources of seawater, desalination of seawater is considered the most sustainable and adequate solution to alleviate water scarcity. Reverse osmosis (RO) membrane is currently the most important desalination technology due to its high efficiency and energy saving (Elimelech ) . RO membrane desalination technology has rapidly grown over the past 40 years to an 80% share in the total number of desalination plants installed worldwide (Ghosh et al. ) . Polyamide (PA) thin film composites (TFC) membranes, which consist of a microporous polymer membrane on nonwoven fabric as support and an ultrathin PA barrier layer, were developed in the 1980s and are now the most widely used desalination membranes in commercial water treatment project (Riley et Despite the significant improvements in TFC membranes, shortcomings such as fouling and permeability still hinder their applications. Increased permeability leads to reduced membrane area and, consequently, a reduction in membrane replacement costs and cleaning chemical usage (Misdan et al. ) . Moreover, the increase in permeability can lessen the pressure necessary to drive permeation, thereby diminishing the energy demand of RO desalination (Shannon et al. ) . Therefore, research efforts to increase the membrane flux have attracted more attention. In order to increase the membrane flux, numerous methods have been devoted to change the properties of the ultra-thin PA layer by varying the polymerization conditions (monomers concentration, the solvent, reaction time and curing conditions) (Ghosh et al. ; Albo et al. ) , or by the addition of some additives (Zhao & Ho ) Kong et al. () reported a novel polymerization procedure by adding a co-solvent (acetone) to the organic phase referred to as co-solvent assisted interfacial polymerization (CAIP). PA membranes with a controlled thin dense layer and effective nanopores were fabricated with high water flux and no considerable salt rejection loss. The CAIP method can effectively control the thickness of the polymer dense layer and the size of 'nanopores'. Since then, different types of organic solvents such as ethyl acetate, diethyl ether, toluene, isopropyl alcohol (IPA) and N,N 0 -dimethy formamide have been used as cosolvents by the CAIP method to improve the permeate property of the TFC membrane (Kamada et al. a, b) . The results showed that permeate flux and rejection of salt and organic matter could be controlled by the types and amount of co-solvents that were added into the organic phase. However, other types of organic solvent used as cosolvent and the stability of the membrane have not yet been investigated.
In this study, ethyl formate used as the co-solvent was added into organic phase, which can assist IP between 1,3,5-trimesoyl chloride (TMC) and m-phenylene diamine (MPD). The surface morphology, roughness and hydrophilicity of the TFN membranes were characterized by scanning electron microscopy (SEM), atomic force microscopy (AFM) and contact angle analyzer. The effect of different concentrations of ethyl formate in the organic phase on the desalination performance and the stability of TFC RO membranes was evaluated on a flow cell test kit with 2,000 ppm NaCl aqueous solution at 1.6 MPa and 25 W C.
EXPERIMENTAL Materials
Ultrafiltration polysulfone (PSF) membrane (with the molecular weight cut off at 50,000 Da) was purchased from Hangzhou Water Treatment Technology Development Center (Hangzhou, China). MPD was obtained from Aladdin Industrial Corporation (Shanghai, China). TMC was supplied by Tokyo Chemical Industry (Tokyo, Japan). Sodium lauryl sulfate (SLS), ethyl formate, hexane, sodium chloride (NaCl) and magnesium sulphate (MgSO 4 ) were obtained from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). All chemicals were of analytical grade purity and were used as received without further purification.
Membrane fabrication
Porous PSF ultrafiltration membranes were used as the support, and RO membranes were prepared via IP method. Firstly, an appropriate amount of aqueous solution of 2.0 wt% MPD and 0.15 wt% SLS was dumped onto the PSF membrane for 2 min, and the excess solution was removed by standing the membrane in air until there were no watermarks in the surface. Subsequently, a hexane solution with 0.1 wt% TMC and 0-5 wt% ethyl formate was poured on the PSF membrane. After a polymerization reaction of about 60 s, the excess organic solvent was poured off and the resulting membrane was dried in air for 5 min. Finally, the membrane was rinsed with deionized water. The process without the addition of co-solvent ethyl formate was named as IP, and that with the co-solvent added was named as CAIP. The preparation process of the composite membranes is shown in Figure 1 .
Characterization SEM (Japan, Hitachi S-4800) was applied to investigate the surface structure. Membranes were dried under vacuum at 30 W C for 12 h. All samples were stuck on sample stages with a double-sided conductive tape and were sputter-coated with gold for 50 s, then viewed at 7.0 kV. Hydrophilicity of the membrane surface was evaluated via water contact angle which was measured by an automatic contact angle meter (DSA100, Kruss, Germany) by the sessile drop method. The membrane was glued flat on a slide glass after drying in an oven at 30 W C for 24 h.
A drop of deionized water (5 μL) was dropped onto the surface and the contact angle was recorded immediately. At least six random measurements at different points on each membrane sample were carried out to minimize the experimental error. AFM (Nanoscope V MultiMode, Veeco, USA) was employed to analyze the surface roughness of the membranes with the tapping mode measurements in air. The membrane samples were pasted on a metal carrier using a double-sided tape after drying in an oven at 30 W C for 12 h. The surface roughness was measured in terms of the root mean square roughness (R q ) and the mean roughness (R a ). All roughness measurements were based on scans of at least three different areas. The chemical properties of the membranes were analyzed by Fourier transform infrared (FT-IR) spectroscopy. The FT-IR spectra were recorded using a Bruker-Tensor 27 FT-IR spectrometer (Bruker, Germany).
Membrane permeation tests
Separation performance (pure water flux and salt rejection) was evaluated in a cross-flow filtration system with an effective membrane area of 19.625 cm 2 . Water flux and salt rejection of the IP and CAIP membranes were measured with NaCl and MgSO 4 at 2,000 ppm, and IPA, glucose, and maltose at 500 ppm in deionized water at a pressure of 1.6 MPa after prepressing at 1.8 MPa and 25 W C. The concentration of the inorganic salt solution and organic matter was evaluated using a conductivity meter (DDS-307A, China) and total organic carbon analyzer (SHIMADZU-TOC-Vcph), respectively. The salt rejection (R, %) was calculated by Equation (1) using the concentration between the permeate and feed solutions:
where C p (mg/L) and C f (mg/L) are the concentrations of permeate solution and feed solution, respectively. The water flux (F, L/(m 2 h)) was calculated by gauging the permeating solution in a certain time using Equation (2):
where V is the permeate volume (L) during a certain time t (h) and A is the effective membrane area (m 2 ). All the values of R and F are averaged values from three samples for each membrane.
RESULTS AND DISCUSSION
Surface morphology the surface of the membranes (Figure 2 (b)-2(f)), prepared via the CAIP method by adding ethyl formate into the hexane phase which is different from the membrane (Figure 2(a) ) without ethyl formate. It indicates that the membranes prepared by adding ethyl formate in the hexane phase have a multi-layered PA structure similar to the membranes prepared with other co-solvents (Kamada et al. a, b) . Kamada et al. (a, b) confirmed that the special multi-layered structures are formed due to a narrow miscibility zone caused by the co-solvent added in the organic phase, which leads to the thicker reaction zone.
Due to the existence of the narrow miscibility zone, an ordinal ridge-and-valley structure with loose and thin PA layer will be formed. Therefore, an increased amount of MPD can diffuse to the thicker reaction zone and form the large ridge-and-valley over the ordinal ridge-and-valley. The concentration of MPD in the reaction zone in the CAIP system is lower than that of the IP system due to the thicker reaction zone, which leads to the loose and thinner PA layer in the CAIP system. The PA active layer with multi-layered structure on the PSF support is thicker in the CAIP system than that of in the IP system due to the increased amount of MPD and a thicker reaction zone. In that case, a thicker PA layer was formed as shown in Figure 3 . Figure 4 shows the SEM images with a higher magnification (50,000) of the membrane prepared by the IP method (a) and the membrane prepared by the CAIP method (b) with 10 wt% of ethyl formate. The multi-layered structure and pores can be observed on the surface of the CAIP membrane (Figure 4(b) ), whereas, the surface is dense for the IP membrane (Figure 4(a) ). This proves that the PA layer formed with lower crosslinking in the CAIP system. The three-dimensional AFM images are shown in Figure 5 indicating that the CAIP membranes have a rougher surface than the IP membrane due to the large ridge-and-valley surface structures, consistent with the SEM images ( Figure 2 ). This confirms that there is a large ridge-and-valley on the surface of the CAIP membranes. The surface roughness parameters, including average roughness (R a ) and root mean square of the Z data (R q ), were obtained from the AFM software (NanoScope Analysis) and are listed in Table 1 . As can be seen in Table 1 , the surface roughness parameters of the CAIP membranes increase gradually when the content of ethyl formate is increased from 0.0 to 4 wt% in the organic phase. At higher ethyl formate content (6-10 wt%), the surface average roughness increases sharply, which is due to the thicker polymerization reaction zone. The polymerization reaction zone will thicken with the increase of the content of ethyl formate, and the thicker reaction zone will lead to the large ridge-and-valley structure with loose PA layer. Furthermore, the loose PA layer will cause some pore defects on the surface (Figure 4(b) ). Therefore, 
FT-IR
The ATR-FT-IR was used to obtain a quantitative amount of PA layer, amide bond content and the surface structure of the TFC membranes. Figure 6 shows the ATR-FT-IR spectra under the absorbance mode for the PSF support and TFC membranes with various ethyl formate added in the organic phase (0, 2, 4, 6, 8, and 10 wt%). Since ATR reflected the absorbance of the surface to a depth of 2-3 μm and the thickness of the PA layer was less than 1 μm, the typical absorbance peaks of PA and PSF were present in the ATR-FT-IR spectra of all TFC membranes, such as C ¼ C at 1,614 cm -1 , amide I at 1,664 cm -1 , amide II at 1,554 cm -1 and S ¼ O at 1,245 cm -1 . The intensity of the typical PA bands were increased, whereas the intensity of the typical PSF bands were decreased by the addition of ethyl formate from 0 to 6 wt%, which indicates that the amounts of PA were increased by the addition of ethyl formate. When the amount of ethyl formate was further increased from 8 to 10 wt%, the intensity of the typical PA and PSF bands were increased. Figure 7 shows the absorption ratio of amide I to S ¼ O obtained from ATR-FT-IR spectra data of TFC membranes with different amounts of ethyl formate. The height of the ratio in Figure 7 can correspond to the amount of PA in every composite membrane. The ratio increased with the increase of content of ethyl formate from 0 to 6 wt % which indicates that the amounts of PA were increased by the addition of ethyl formate. However, the ratio decreased when the content of ethyl formate was higher than 6 wt% due to the increase of the intensity of the S ¼ O.
The higher amount of ethyl formate formed a thicker polymerization reaction zone which leads to the large ridge-and-valley structure with loose PA layer and pore-like surface structure resulting in more PSF being detected. Therefore, the decrease of absorption ratio of amide I to S ¼ O at a higher content of co-solvent was caused by the defection pore on the surface (Figure 3(b) ) when more PSF can be observed.
Contact angle and zeta potential
Contact angle measurement of the membrane surfaces was used to explore the effect of ethyl formate on the surface hydrophilicity, and the results are shown in Figure 8 . It can be seen that the average contact angles slightly decreased from 71 to 54 W with the increase of ethyl formate from 0 to 10 wt%, which indicates that the surface hydrophilicity of the TFC membranes was enhanced with the increase of ethyl formate into the organic phase. The enhanced hydrophilicity with co-solvent was due to the rougher surface (Table 1 ). Figure 9 shows the zeta potential of the membranes prepared with different contents of ethyl formate at pH ¼ 7. The zeta potential increased with the increase of ethyl formate from 0 to 4 wt%. It has been reported that more carboxyl groups on the membrane surface can lead to more negative zeta potential (Ghanbari et al. ) . Therefore, the high amount of carboxyl groups was the result of the low cross-linking of the PA layer with the addition of ethyl formate into the organic phase. However, the zeta potential decreased with the increase of ethyl formate from 6 to 10 wt%. This was not caused by the lesser amount of carboxyl group on the surface. It was believed that the degree of cross-linking will be decreased with the addition of co-solvent. When higher amounts of ethyl formate were added in the organic phase, too-low cross-linking was obtained which led to the defect on the surface, and more co-solvent would cause more defects resulting in large pores on the surface (Figure 4(b) ). The surface defect and large pores would make the rock-bottom PA layer exposed at the membrane surface, PS with lower zeta potential will be involved in the testing process which causes a decrease of the zeta potential. Therefore, in order to obtain the TFC membrane without defects, the amount of co-solvent added in the organic phase should be controlled.
Permeation properties Figure 10 shows water flux and rejection with 2,000 ppm NaCl and MgSO 4 aqueous solution as the feed. The water flux increased remarkably when ethyl formate was increased in the hexane solution. The rejection exceeded 90% when the content of ethyl formate was less than 4 wt%. It should be noted that, both in the NaCl and MgSO 4 test systems, when the addition content was up to 5 wt% in hexane, the water flux increased sharply and the salt rejection decreased significantly. The SEM ( Figure 4 ) and AFM ( Figure 5 ) results suggest that 'small pores' appeared after the addition of ethyl formate, resulting in a higher water penetration and low rejection. In summary, the ethyl formate as co-solvent could modify the structure of the PA. The CAIP TFC RO membrane with 4 wt% ethyl formate added exhibited a flux of 45 L/(m 2 h) and a rejection of 90%, a good balance between permeability and rejection, whereas an IP TFC RO membrane has a flux of 23 L/(m 2 h) and a rejection of 99%. The membrane with high flux is suitable for brackish water reverse osmosis (BWRO) to produce potable water. The high permeability allows high productivity, and the not-too-high salt rejection is acceptable for the application.
The performance of the membranes was further investigated by varying the operation pressure from 0.8 to 2.4 MPa. As seen in Figure 11 , flux across the IP membrane is lower than that of the CAIP membrane (a) and salt rejection of Figure 9 | Zeta potential of the PSF support and TFC membranes prepared via IP (0%) and CAIP method with various amount of ethyl formate (2-10 wt%) added into the organic phase at pH ¼ 7, error bars based on at least three measurements. the IP membrane is higher than that of the CAIP membranes (b) under different working pressures. All membranes exhibit a linear increase in water flux and salt rejection with the increase of operating pressure which is consistent with the expected theory of solution diffusion transport mechanism in pressurized membrane systems (Li et al. ) . However, the flux of composite membranes formed by the CAIP process revealed a relatively slow growth of trend with the increase of pressure. The reason for this phenomenon was a thicker and looser PA layer formed in the CAIP process, which will be compacted under high pressure. Meanwhile, salt rejection will increase because the pores in the PA layer were contracted. The rejection of the TFC membranes prepared without (A) and with (B) ethyl formate were tested using a series of neutral organic solutions with different molecular size (IPA, 0.48 nm), n-butanol (0.516 nm), glucose (0.73 nm) and maltose (0.94 nm)) are shown in Figure 12 . It can be seen that the IP membrane rejected all the organic solutes dissolved in water with a high rejection of 96-99%. However, the CAIP membrane rejected the small solutes of IPA with a moderate rejection of 75%, which indicates that the CAIP membrane had a larger pore size than the IP membrane, resulting in a higher water flux.
Stability test
Long-term tests were conducted at the operating pressure of 1.6 MPa for 100 h with 2,000 ppm NaCl aqueous solution to investigate the durability of the CAIP membranes. The IP membrane and CAIP membrane with 4 wt% ethyl formate were used for the long-term test experiments. The water fluxes of the membranes are shown in Figure 13 . The water flux of the CAIP membrane slight decline from 43 to 37 L/(m 2 h) during the first 10 h, then the water flux remained the same during the long-term test, whereas the IP membrane retained the same water flux during the 100 h of filtration. After 100 h of filtration, the membranes were flushed with 2 wt% citric acid. After cleaning, the water flux of IP and CAIP membranes did not change. This indicates that the decline of the water flux of the CAIP membrane is caused by the multi-layered loose PA structure. The multi-layered PA structure with large 'valley-and-ridges' may be compacted during the filtration with higher pressure. The compaction of the membrane was slight and only occurred during the first 10 h, then the membrane was stable in the term of water flux. Although the water flux of the CAIP membrane would decline during the filtration, the water flux of the CAIP membrane is twice as high as that of the IP membrane with a similar salt rejection. Therefore, the addition of fewer amounts of co-solvent in the organic phase can assist in enhancing the separation performance of the TFC membrane prepared via the IP method.
CONCLUSIONS
A PA TFC membrane with multi-layered loose PA structure and larger pore size was prepared assisted with ethyl formate as a co-solvent added into the hexane phase. The prepared TFC membrane has more hydrophilic surface leading to the water flux being twice as high as that of the conventional TFC without co-solvent with little sacrifice of salt rejection. During long-term tests, the water flux slightly declined at the first 10 h caused by the thicker and loose PA layer which might be compacted. The prepared TFC membrane with ethyl formate could be applied to BWRO to produce potable water, and may be suitable for use in low pressure drive systems, for example, nanofiltration.
